INTRODUCTION
============

Proteins that bind to specific target sequences in DNA are vital to biology---they affect restriction, repair, transcription and packaging of DNA in a living cell, for example. The restriction endonuclease *Eco*RI has warranted special attention because the binding to DNA and subsequent cleavage is so extraordinarily sequence specific. In physiological salt conditions, the ratio of specific to non-specific binding is 10^9^ and a change in a single base of the target sequence can lower the cleavage probability more than a million-fold ([@B1; @B2; @B3; @B4]). And yet, when specifically bound, the complex is very stable with an equilibrium dissociation constant of 400 pM ([@B5],[@B6]). *Eco*RI is a type II restriction endonuclease with a palindromic target site on DNA---GAATTC---that it binds to as a dimer. It cleaves foreign DNA in an *E. coli* host in the presence of a Mg^2+^ ion cofactor. Like other enzymes that specifically recognize DNA, *Eco*RI finds the cognate site through a three-step process: non-specific binding to the DNA, linear diffusion along the strand until it encounters the target site and then binding to the target site, accompanied by a large conformation change ([@B1],[@B2]). Molecular and Brownian dynamics have been used to analyze the underlying mechanisms responsible for the stability and high specificity of complexes such as *Eco*RI--DNA ([@B7; @B8; @B9; @B10]). Ostensibly, the sequence specificity in *Eco*RI develops from hydrogen bonds between the purines and protein, and contacts between protein, the pyrimidines and the DNA backbone.

Methods such as filter binding, surface plasmon resonance and calorimetric assays have been used to infer the equilibrium constants associated with protein--DNA interactions ([@B4]), but they all suffer from similar limitations. First, they are bulk measurements that report ensemble-averaged results, ignoring short-lived variants, etc. And second, the measurement of binding energy is indirect, e.g. in calorimetry, the heat measured is assumed to be linearly proportional to the binding energy. To circumvent these shortcomings, we have explored the feasibility of using the force associated with the electric field in a synthetic nanopore in a nanometer-thick membrane to dissociate *Eco*RI--DNA complexes trapped with the DNA threading that pore, as illustrated in [Figure 1](#F1){ref-type="fig"}. A nanometer-diameter pore offers the capability to apply forces over a segment of a single molecule, comparable to the size of a protein-binding site (3--10 nm). Moreover, similar to other work ([@B11; @B12; @B13; @B14; @B15]), force spectroscopy on a single molecular complex (SMFS) in a nanopore could, in principle, be used to assess the sequence preferences and, at the same time, to reveal variants that are short lived or due to a peculiar conformation. The electric field in the pore pulls on the polyanionic DNA, but translocation across the membrane is arrested because the complex is larger than the pore diameter. By increasing the electric field, the pore can be used to introduce a shear force between the protein and the cognate sites in DNA large enough to rupture the bond. In prior work, we have shown that there is a voltage threshold *U* for the permeation of DNA bound to restriction enzymes through a nanopore. This threshold is associated with a nanonewton force required to rupture the DNA--protein complex and depends on the enzyme ([@B16]). Figure 1.A synthetic nanopore that functions like a molecular tweezers for the detection of base-pair mutations. The figure shows an *Eco*RI--*ds*DNA complex trapped in a \>2.5 nm diameter pore in a membrane formed from silicon nitride. The voltage *V~m~* drives the molecule through the pore, shearing the protein from the *ds*DNA. The molecular configuration may be probed by measurements of the current *I* and the transient response δ*I*.

In this report, we use synthetic nanopores along with molecular dynamics (MD) to analyze with atomic resolution how *Eco*RI binds to the DNA target sequence---GAATTC---in the absence of a Mg^2+^ ion cofactor. We have measured the number of DNA copies that translocate through the pore using qPCR (quantitative polymerase chain reaction) and confirmed prior measurements that indicate that there is voltage threshold for the permeation of DNA bound to a restriction enzyme through the nanopore ([@B16]). By introducing mutations in the DNA, we show that this threshold depends sensitively on the recognition sequence and scales linearly with the dissociation energy but is relatively insensitive to the pore diameter (2.5--4.7 nm) in the range of these experiments. In particular, we find that single base-pair (bp) substitutions in the recognition site for the restriction endonuclease can easily be detected as changes in the translocation threshold. MD simulations are used to delineate the effect of mutation in a base pair on the free energy of the dissociation of the complex, as well as qualitatively rank the stability of bonds in the *Eco*RI--DNA complex. The results indicate that synthetic nanopores could be utilized to detect single nucleotide polymorphisms (SNPs) in sequences of the human genome, including polymorphic sites.

EXPERIMENTAL METHODS
====================

The fabrication and characterization of nanometer-diameter pores sputtered in Si~3~N~4~ membranes have been described elsewhere ([@B17]). [Figure 2a](#F2){ref-type="fig"} shows transmission electron micrographs (TEM) of three pores in nitride membranes, nominally 10 nm thick, used in this work. The pores are 3.4 × 4.7 ± 0.2 nm (black); 2.6 × 3.0 ± 0.2 nm (blue) and 2.5 ± 0.2 nm (red) in diameter---the shot noise observed in the area identified as the pore is indicative of perfect transmission of the electron beam. The thickness of similarly processed 10 nm membranes was inferred from TEM to be 12 ± 2 nm, which is consistent with results 12 ± 3 nm obtained using electron energy loss spectroscopy. After sputtering a pore through it, the membrane was mounted using silicone O-ring seals in a membrane transport bi-cell made from acrylic. Each reservoir contained an Ag/AgCl electrode that was connected to an Axopatch 200B amplifier used in a resistive feedback mode. All data are low-pass filtered at 10 kHz and digitized at 20 kHz. The current--voltage (*I--V*) characteristics were measured over a range of ±1 V in microfiltered buffered 1 M KCl (10 mM Tris, pH 8.0) after \>55 h of immersion in de-ionized water. The *I--V* characteristics shown in [Figure 2a](#F2){ref-type="fig"} are approximately linear---line fits to the data yield the conductances: 21.2 ± 0.3 nS for the 3.4 × 4.7 nm pore (black), 9.19 ± 0.03 nS for the 2.6 × 3.0 nm pore (blue) and 3.85 ± 0.03 nS for the 2.5 nm pore (green) ([@B17]). Figure 2.Characterization of synthetic nanopores. (**a**) TEM micrographs taken at a tilt angle of 0° of three nanopores: 2.5 nm (red), 2.6 × 3.0 nm (blue) and 3.4 × 4.7 nm (black) diameter, sputtered with a tightly focused high-energy electron beam in nominally 10 nm thick Si~3~N~4~ membranes. (**b**) *I--V* characteristics of the nanopores shown in (a) taken in 1 M KCl, 10 mM Tris, pH 8.0 solution. Line fits yield conductances of 3.85 ± 0.03 nS for the 2.5 nm pore (red), 9.19 ± 0.03 nS for the 2.6 × 3.0 nm pore (blue) and 21.2 ± 0.3 nS for the 3.4 × 4.7 nm pore (black). (**c**) The electrolytic current through the 2.6 × 3.0 nm pore as a function of time with the membrane voltage at *V* = 0.75 V in a 100 mM KCl *Eco*RI--DNA solution. The open pore current (dashed line) at this voltage is ∼0.9 nA. The current transients are associated with *Eco*RI--DNA interacting with the pore.

Next, we tested the electric field-driven permeability of double-stranded DNA (*ds*DNA) in solution with *Eco*RI, using *qPCR* to measure the number of DNA copies that translocate through a nanopore as a function of the applied voltage ([@B18]). The sequence for the 105 bp *ds*DNA is given in the supporting information. The reference 105 bp *ds*DNA was extracted from the pUC19 (NEB part no. N3041S) vector. The DNA used for the 105 bp single-base substitutions was synthesized by IDT Technologies (Ames, IA) and PAGE purified.

Commercial grade *Eco*RI (100 000 U/ml stock concentration, 62 kDa dimer, 2 × 10^6^ U/mg specific activity) was purchased from New England Biolabs (part \# R0101Q) and used without further purification. A degassed solution of microfiltered 100 mM KCl, 10 mM Tris, pH 8.0, was used as the buffer. A volume of 40 μl of *Eco*RI stock solution, which contains EDTA at a 1 mM concentration, was mixed into 400 μl of the buffer containing a DNA concentration of ∼10^7^/μl, corresponding to a ratio of ∼4600 *Eco*RI dimers to every DNA, and incubated at 37°C for 10 h prior to translocation; this ensures the DNA has been bound by the *Eco*RI. The DNA concentration was estimated based on an agarose gel quantitative ladder. The Mg^2+^ ion, which is required for catalytic activity of the restriction endonucleases, was intentionally not added to the buffer. The solution injected into the cis-reservoir of the bi-cell showed pH 7.9, and each translocation was run for a period of 4 h with a specified voltage. After each run, the solution at the anode was collected, concentrated with an Amicon Ultra-4 centrifugal filter (Millipore, Bedford, MA), and then the buffer was exchanged to water on the same filter. The corresponding retentate was analyzed using *qPCR* by an Applied Biosystems 9700. The details of the protocols for *qPCR* analysis are given in the supplement.

MOLECULAR DYNAMICS METHODS
==========================

A microscopic model of restriction enzyme *Eco*RI bound to a fragment of *ds*DNA was built using the X-ray structure of the complex (PDB code 1CKQ, resolution: 0.185 nm). The fragment of DNA resolved in the X-ray structure was extended to 5′-TCGGTA CCCGG [CGC]{.ul} **[GAATTC]{.ul}**[GCG]{.ul} TAGAG TCGACC-3′ by appending 11 base pairs at each end of the resolved fragment. In the above sequence, the cognate sequence is shown in bold, and the fragment resolved in the X-ray structure is underlined. The first 15 residues of the protein not resolved in the X-ray structure were not modeled. The *Eco*RI--*ds*DNA complex was then solvated in a pre-equilibrated volume of TIP3P water ([@B19]). K^+^ and Cl^−^ ions were placed at random to comprise a 0.1 M solution. The final system contained ∼248 000 atoms and measured 11.7 × 11.7 × 17.5 nm^3^.

Following the assembly, the system was minimized for 2000 steps using the conjugate gradient method. After heating the system from 0 to 295 K in 4 ps by velocity rescaling, the system was equilibrated at 295 K in the NPT ensemble (constant number of particles *N*, pressure *P* =1 atm and temperature *T* =295 *K*) for 8.4 ns. Within the first 2.2 ns, all backbone atoms of the *Eco*RI--DNA complex were subject to harmonic restraints (*k*~spring~ =10 kcal mol^−1^nm^−2^). The rest of equilibration was performed using restraints that applied to the protein\'s *α*-carbons only.

All simulations were carried out using the program NAMD2 ([@B20]), CHARMM27 force field ([@B21]), periodic boundary conditions, particle mesh Ewald long-range electrostatics and multiple time stepping ([@B22]). A Langevin thermostat with the damping constant of 1 ps^−1^ was used to maintain the temperature in all simulations. The pressure was maintained in the NPT ensemble simulations using a Nosé--Hoover--Langevin piston with period 200 ps and decay time 100 ps. A smooth 1--1.2 nm cutoff was used to calculate the van der Waals energies. The integration time was 1 fs. Constant-velocity steered molecular dynamics (SMD) were performed using the standard protocol ([@B23]). All SMD simulations were carried out at 295 K in the NVT ensemble (constant *N*, *T* and volume *V*); the SMD force was recorded every 20 fs and the atomic coordinates every 1 ps. SMD details are described in the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkp317/DC1).

RESULTS AND DISCUSSION
======================

We have discovered a method for detecting base-pair mutations and discriminating between alleles that uses a solid-state nanopore to measure the binding of a restriction enzyme to DNA ([@B12],[@B24]). This method uses the electric field in the pore to pull on the polyanionic DNA complexed with a restriction endonuclease, shearing the protein from the cognate sites in DNA and rupturing the bond. The signature of a rupture is the translocation of DNA across the membrane through the pore, which as measured by PCR, appears to depend dramatically on the voltage. This method is derivative of restriction fragment length polymorphism (RFLP), which also uses restriction enzymes to recognize a specific sequence in a *ds*DNA fragment, and then cleaves the strand at a site in the sequence at or near to it, creating shorter fragments that are subsequently amplified and run on a gel. Since allelic differences affect recognition dramatically, the number and size of the products can be used to determine the genotype in RFLP. With this new method employing a nanopore, it is not necessary to cleave the strand to sort one allele from the other---the difference in threshold voltage could be used to discriminate mutations.

When a voltage is applied across a membrane containing a pore, DNA immersed in electrolyte is driven across the membrane by the electric field in the pore if the diameter is greater than the double helix (∼2.5 nm diameter) ([@B25]). However, the DNA permeability changes dramatically if it is bound to a restriction enzyme. To study the binding of *Eco*RI to DNA, we introduced an excess of the enzyme in solution with DNA without the Mg^2+^ cofactor that is required for cleaving the nucleic acid. Bulk measurements of the binding at the cognate site indicate a free energy of formation Δ*G* = −15.2 kcal/mol, but the introduction of a mutation among the cognate sites or even in the flanking sequence produces a position-dependent reduction in the binding energy that ranges from 4 to 13 kcal/mol ([@B3; @B4]). In this work, we investigated the permeability of different DNA variants bound to *Eco*RI through pores.

With a voltage applied across the membrane, we detect current transients associated with the *Eco*RI, DNA and *Eco*RI--DNA complex interacting with the pore, like that illustrated in [Figure 2c](#F2){ref-type="fig"} for the 2.6 × 3.0 nm pore shown in [Figure 2a](#F2){ref-type="fig"}. In correspondence with prior work, we observe transients associated with the *Eco*RI--DNA interacting with the pore with duration \>1 s, and some with a peak current greater than the open pore current ([@B11]). It seems likely that the configuration of the complex over the pore modulates the current, affecting the value ([@B26]), and the duration of these events may represent an extended residence time of the complex over the pore. The long duration may also indicate that the DNA*--*protein complex is sticking to the pore (as MD suggests). For example, if the DNA is sticking to a hydrophobic patch in the pore, the stability of the complex and the distribution of forces loading it could be affected.

An unambiguous current signature of the DNA threading the pore or of the rupture of the DNA--protein bond remains elusive, however. Among the challenges are the drift of the open pore current with time, which is likely due to protein agglomeration, as well as changes in the center of mass of the protein--DNA complex over the pore. Moreover, the identification of a current blockade with DNA translocating through a solid-state nanopore is not unequivocal ([@B27]). Solid-state nanopores may show a blockade in the pore even if the molecule is not translocating through it, and current enhancements above the open pore current value as well as blockades associated with the same DNA interacting with the pore are observed even in the absence of protein, depending on the electrolyte molarity ([@B28]) and the molecular configuration in the pore ([@B26]).

The main problems in these experiments probably stems from the bandwidth limitation or transient response time of the nanopore, and the corresponding deterioration of the signal-to-noise that accompanies increased bandwidth. Prior work ([@B27],[@B29]) has indicated that the translocation velocity of DNA (not bound to a protein) through a solid-state pore may be large, exceeding 1bp/10 ns for the electric fields used in our experiments. In another report (Mirsaidov,U. *et al*. unpublished data), we describe measurements of the translocation velocity as a function of voltage through nanopores larger in cross-section than the double helix. We find that when λ-DNA is injected into the electrolyte at the negative (cis) electrode and 200 mV is applied across a 31.5 ± 2.0 nm thick nitride membrane with a 3.6 × 3.2 nm nanopore in it, current blockades are observed. These blockades are supposed to be due to the reduction of the electrolytic current through the pore due to the translocation of DNA. If the blockade duration corresponds with the interval that DNA blocks the pore, then the average transient width *t~D~* signifies the time required for 48.502 kbp λ-DNA to translocate through the pore, which is *t~D~* = 0.0677 ± 0.003 ms for 200 mV, indicating a translocation velocity of 48.5 kbp/0.067 ms = 1 bp/1.3 ns consistent with other estimates ([@B29]). After similar measurements at other voltages, a linear extrapolation to an electric field comparable to the low end of the thresholds for dissociation of a protein--DNA complex yields a velocity of 48.5 kbp/8.3 μs = 1 bp/172 ps (at 2 V/30 nm). At this rate, 105 bp *ds*DNA would translocate through the pore in ∼20 ns, which is beyond the transient response time (\>4 μs---see the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkp317/DC1)) of the nanopores used in this work ([@B28],[@B30]).

Thus, to establish unequivocally if short DNA strands permeate the pore, the DNA reaching the anode was analyzed using *qPCR*. We systematically investigated the permeability of DNA bound to restriction enzymes as a function of pore diameter and the DNA sequence ([@B11]). [Figure 3a](#F3){ref-type="fig"} represents *qPCR* analyses of the 105 bp DNA variants bound to *Eco*RI that translocated through the 3.4 × 4.7 nm pore as a function of the voltage drop across the membrane. Previously, we have shown that there is a voltage threshold (*U*) for permeation of DNA bound to restriction enzymes through a nanopore. Now, we observe that the threshold for permeation of *ds*DNA depends on recognition sequence substitutions and flanking sequences for a particular enzyme. Figure 3.Voltage threshold for permeation through a synthetic nanopore depends on the sequence. (**a**) *qPCR* results indicating that the number of 105 bp copies from *Eco*RI--DNA that permeates a 3.4 × 4.7 nm pore with a threshold voltage that depends on the DNA sequence. Superimposed on the data are fits to the curve used to determine the threshold. The cognate sequence GAATTC (blue) has a threshold voltage of ∼2.1 V, but in contrast, with a substitution for the first-base, TAATTC (green) has a threshold of only 1.1 V. (**b**) The change in the threshold voltage measured relative to the threshold observed for the cognate sequence is highly correlated with the corresponding change in the dissociation energy. The change in threshold voltages for pores with different cross-sections measured using the same DNA mutations are superimposed in the same figure.

Generally, we observe that the number of DNA copies that permeate the pore rises abruptly over a range of ∼250 mV near a threshold that is especially sensitive to the DNA variant. Since we are operating at constant voltage, the permeation rate can essentially be described by a steady state relation of the Kramers type, i.e. *P = A + P*~0~*/*{*1 +* exp\[*q\**(*U--V*)*/kT*\]}, where *P*~0~ is a frequency factor, *q\*U* is the barrier height, *q\*V* is the reduction in the energy barrier due to the applied potential and *kT* represents the thermal energy ([@B31]). According to this analysis, the threshold voltage is defined as the voltage, *U*, where the probability of DNA translocation is equal to 0.5. The constant *A* takes into account the mutation probability in the DNA leading to spurious *qPCR* counts, as well the limit of *qPCR* detection. We take *P*~0~ to be independent of applied voltage, acting in the limit of diffusion-limited permeation, since the electric field vanishes within a few Debye lengths of the pore ([@B32]). The data seem to justify this assumption since voltages greater than the threshold voltage give translocation counts that fluctuate around a mean value. Using these relations and accounting for the *qPCR* baseline, the data were fit; the results overlay the scatter plots in [Figure 3a](#F3){ref-type="fig"}.

Apparently, with *Eco*RI bound to the cognate sequence, GAATTC, *ds*DNA (dark blue) does not permeate through the pore unless the voltage exceeds *U* \> 2.15 V. This is in contrast with the corresponding threshold, *U* \> 1.15 V (shown in green), for disrupting the bond between the *Eco*RI and a DNA variant with a single base mutation from G to T on the first cognate site from the 5′ end. These thresholds correspond to bulk measurements of the free energy of formation for GAATTC and the first-base substitution with TAATTC, which are ∼15.2 kcal/mol and 8.6 kcal/mol, respectively ([@B4]). The threshold even depends on the flanking sequence. Note that for a mutation from T to A on the first element of the flanking sequence near the 5′ end (shown in light blue), the threshold is *U* \> 1.62 V, which corresponds to a bulk dissociation energy of 13.2 kcal/mol. The same trends are observed for all of the single base mutations that we tried---even using different pores. [Figure 3b](#F3){ref-type="fig"} summarizes the correspondence between the bulk measurements ([@B3],[@B4]) and the threshold obtained from three pores: 3.4 × 4.7 nm, 2.6 × 3.0 nm and 2.5 nm shown in [Figure 2a](#F2){ref-type="fig"}. The threshold seems to depend linearly on the bulk dissociation energy, independent of the pore cross-section in the range ≥2.5 nm and ≤3.4 × 4.7 nm.

In prior work, we observed that the voltage threshold for dissociation of the *Eco*RI--DNA complex seemed to depend on the pore diameter ([@B16]). (The threshold may also depend on the cone angle.) In that work, the pores were specifically chosen to be comparable in size to the double helix to preclude the possibility of the enzyme permeating the pore because of concern for the plasticity of the enzyme, while at the same, realizing that the *ds*DNA by itself might have a voltage threshold for translocation through pores ≤2.5 nm in diameter ([@B33]). However, for this effort, we reasoned that a pore with a cross-section larger than the DNA double helix, but smaller than the protein--DNA complex, might show a threshold voltage that is relatively insensitive to the pore geometry as indicated in [Figure 3b](#F3){ref-type="fig"}, provided that the membrane thickness and cone angle defining the pores remain invariant. This reasoning follows from consideration of the energy required to dissociate the complex. The total work, given by the product of the force and the displacement between the protein and DNA, Δ*z* ∼ δ*a*, is just proportional to the voltage ([@B34]), i.e. , instead of the field, so we expect the threshold to depend only on the voltage---not the membrane thickness or pore diameter. In the above expression, *q*~eff~ is the effective charge of a DNA basepair and *a* is the distance between consecutive basepairs. If the DNA molecule penetrates the pore and is trapped between the protein and the electric field, the portion of the strand between the field maximum and the protein may become overstretched---which is not taken into account in the above argument ([@B33]).

[Table 1](#T1){ref-type="table"} summarizes the results of the fits to the *qPCR* data. It indicates that the threshold voltage, *U*, extracted from the *qPCR* fits is invariant within the experimental error across the pore dimensions examined, but the threshold varies widely with base substitutions in the recognition sequence and, unexpectedly, the flanking nucleotide. Changes in the free energy of formation of the protein--DNA complex (ΔΔ*G*) for the single base substitutions are known to vary 6--13 kcal/mol from the recognition sequence. Additionally, it has been inferred that the three flanking nucleotides influence the amount of DNA distortion in the complex by adjusting the local rigidity ([@B3]). Although a Δ*G* for our specific flanking nucleotides is not precisely known, Jen-Jacobson has quantified over 40 different flanking sequences and the ΔΔ*G* span was 3.6 kcal/mol. For comparison, we have labeled our flanking sequence change at 1.8 ± 1.8 kcal/mol. Following Jen-Jacobson ([@B4]), we referenced the Δ*G* of the cognate sequence (ΔΔ*G* = 0) and plotted the changes in free energy against the average change in threshold voltage in [Figure 3b](#F3){ref-type="fig"}. The ΔΔ*G* term relates the Δ*G* of a given sequence to the Δ*G* of the reference sequence by ΔΔ*G =* Δ*G*~target~ -- Δ*G*~reference~. As the deviation from the cognate free energy increases, so does the deviation from the threshold voltage of the cognate sequence and the trend appears to be linear, within the error. [Table 1](#T1){ref-type="table"} also shows the effective charge *q\** extracted from the thermal voltage, assuming a constant temperature of 298 K so that *k*~B~*T* = 26 meV and ignoring Joule heating. Note that *q\** extracted from the fits is not the effective charge of a single basepair and hence cannot be directly compared to the values reported previously ([@B34; @B35; @B36]) rather it reflects multiple, screened charges in the DNA interacting with the intense electric field distribution in the pore. Table 1.Parameters used to fit the qPCR data*U* (V)*q*\*/*eP*~0~ (s^--1^)*A* (counts)*TGAATTC*2.16 ± 0.080.98 ± 0.066.74 ± 0.833.9 ± 5.22.08 ± 0.030.99 ± 0.223.46 ± 0.626.1 ± 2.12.09 ± 0.061.01 ± 0.121.91 ± 0.2524.8 ± 15.3***A****GAATTC*1.62 ± 0.070.98 ± 0.244.61 ± 0.435.3 ± 8.41.72 ± 0.050.91 ± 0.173.06 ± 0.5711.2 ± 15.51.84 ± 0.050.99 ± 0.172.33 ± 0.511.6 ± 5.0*T****T****AATTC*1.17 ± 0.090.85 ± 0.1011.5 ± 1.87.6 ± 7.21.18 ± 0.060.61 ± 0.154.11 ± 0.826.6 ± 5.51.16 ± 0.030.97 ± 0.223.15 ± 0.685.3 ± 4.8*TGA****C****TTC*1.11 ± 0.081.00 ± 0.176.63 ± 1.3812.1 ± 10.81.08 ± 0.041.02 ± 0.371.11 ± 0.517.1 ± 3.41.02 ± 0.080.52 ± 0.082.32 ± 0.032.0 ± 6.2*TG****C****ATTC*0.87 ± 0.060.99 ± 0.117.01 ± 0.6012.6 ± 5.10.93 ± 0.050.57 ± 0.085.57 ± 0.751.9 ± 1.00.93 ± 0.060.59 ± 0.062.72 ± 0.0512.8 ± 6.1[^1]

Prior work also indicated a voltage threshold for translocation *U* \< 0.2 V for double-base substitutions, which are considered to be non-specific interactions. \[The 105-bp DNA translocation in the absence of protein similarly lacks a threshold ([@B16] and Mirsaidov,U. *et al*. unpublished data)\]. Although we anticipated non-specific binding due to the high ratio of *Eco*RI:DNA, AFM results using large ratios encountered \<5% bound protein ([@B37]). Since the threshold for double-base substitutions is so low (if it exists), and non-specific binding is found so infrequently, we reasoned that non-specific interactions would not affect the force calculation.

To estimate the force applied to DNA in the nanopore experiments, that force was directly computed in a set of MD simulations carried out according to a previously established protocol ([@B38]). 80- and 40-basepair fragments of B-form *ds*DNA were threaded through a 2.7 nm-diameter nanopore ([@B16]) in 10 and 5 nm-thick silicon nitride membranes, respectively. The surface charge of the pores was −1 *e*/nm^2^, where e is the elementary charge. By joining covalently the 3′ and 5′ ends of the DNA fragment and utilizing the periodic boundary conditions, the DNA molecule was made effectively infinite. The third system was prepared by threading a 60 bp fragment fragment of overstretched *ds*DNA (0.50 nm/base pair) ([@B39]) through the nanopore in the 10-nm-thick membrane. To measure the effective force, a set of harmonic springs restrained the DNA displacements. [Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkp317/DC1) in the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkp317/DC1) shows the effective force applied to DNA versus time in a simulation performed under a 1 V transmembrane bias. As it was previously suggested, the steady-state effective force does not depend on the membrane thickness. However, the force was found to depend on the DNA conformation. The absolute value of the force at 1 V was 473 ± 2 and 365 ± 2 pN for the DNA charge density of −6.1 *e*/nm (B-form) and −4.0 (stretched) *e*/nm, respectively, in the 10-nm-thick membrane. The charge density was computed assuming 0.33 and 0.5 nm basepair spacing for B-form and stretched DNA, respectively, and a nominal charge of −2*e* for a DNA base pair. Assuming a linear scaling of the effective force with the transmembrane bias ([@B38]), the values obtained are in agreement with a ∼1 nN rupture force observed in the SMD simulations and an ∼2 V threshold bias measured in the experiment. Note that the ratio of the effective forces cannot be predicted simply from the ratio of the charge densities because of the hydrodynamic drag of the electro-osmotic flow ([@B38]).

To discover how a mutation might affect the *Eco*RI--DNA dissociation energy, we analyzed a rupture in detail using constant-velocity SMD simulations on an all-atom model of the *Eco*RI--DNA complex. The inset to [Figure 4a](#F4){ref-type="fig"} schematically shows the simulations protocol used: a time-dependent SMD force pulls one end of DNA away from the protein while the protein is restrained. In [Figure 4a](#F4){ref-type="fig"}, the SMD force applied to DNA and the restraining force are shown versus simulation time. The two forces act in opposite directions; their magnitudes are equal, on average. The SMD and restraining forces are not equal exactly because, in addition to applying a force to the protein through DNA--protein interactions, the SMD force stretches DNA and acts against the hydrodynamic drag of the solvent. The instantaneous values of both forces fluctuate, and the average forces depend on the interval over which the average is taken. In [Figure 4](#F4){ref-type="fig"}a, all forces are averaged over 0.5 ns intervals. Figure 4.Forces and deformations in the *Eco*RI--DNA complex as it is pulled apart in the SMD simulation. (**a**) The SMD force acting on DNA and the restraining force acting on the protein during the constant-velocity SMD simulation. A schematic of the system and the forces involved is shown in the insert. Displacement *R* of individual nucleotides during the SMD simulation for DNA chain A (**b**) and chain B (**c**). The dashed line shows the breakup distance *R*~cutoff~ = 2.5 Å. (**d**) Nucleotide numbering and coloring convention. The box encloses 6 bp of the cognate sequence recognized by *Eco*RI.

The displacements *R~i~* of individual nucleotides during the SMD simulation are shown in [Figure 4b](#F4){ref-type="fig"} and c. The nucleotides are numbered as shown in [Figure 4d](#F4){ref-type="fig"}. The 5′-end flanking nucleotides CGC are nucleotides 1--3, the cognate nucleotides GAATTC are nucleotides 4--9 and the 3′-end flanking nucleotides GCG are nucleotides 10--12. This convention derives from the fact that the 6-bp cognate and 3-nucleotide flanking sequences are palindromic. Thus, the nucleotide *n* in strand A is bound to nucleotide (13 -- *n*) in strand *B*. Among the atom pairs selected as a measure of the protein--DNA distance are atoms of all cognate ([@B4; @B5; @B6; @B7; @B8; @B9]) and two flanking ([@B2],[@B3]) nucleotides in each DNA strand. Other flanking nucleotides are too distant from the protein to participate in specific protein--DNA interactions. In the simulation, nucleotides 9 of chain A (A9, for brevity) and 2 of chain B (i.e. B2) are the most proximal of all 'essential' nucleotides to the point of application of the SMD force; the SMD force does not apply to nucleotides 1--12 directly. Because of the symmetry and the protocol of the SMD simulation, the outcome of the simulation would be the same if the SMD force were applied in the opposite direction to the other DNA end and the chain identifiers A and B were swapped.

The plots of the force in [Figure 4a](#F4){ref-type="fig"} and displacements in [Figure 4b](#F4){ref-type="fig"} and c suggest that during the first ∼7 ns of the simulation, the stress accumulates without producing noticeable structural changes in the DNA binding site. At *t* ≈ 7--7.5 ns, the SMD force reaches 1 nN; the complex begins to rupture as nucleotide 2B leaves its position in the binding site. Around *t* ≈ 8 ns, nucleotides A9 and B3--5 (of which A9 and B4 constitute a base pair) break away in concert; 6B follows shortly. After all specific bonds between these nucleotides and the protein yield (*t* ≈ 8 ns), the strain temporarily decreases, which transiently lowers the SMD and restraining forces by ∼0.2--0.3 nN; see [Figure 4a](#F4){ref-type="fig"}. As the SMD simulation continues, the strain accumulates. The rupture of the complex intensifies again at *t* ≈ 10 ns when the SMD and restraining forces reach their global maxima of 1.1--1.2 nN. At this time (*t* ≈ 10--11 ns), all remaining protein--DNA bonds rupture as nucleotides A2--8 and B7--9 move away from the protein-binding site.

[Figure 4b](#F4){ref-type="fig"} and c clearly demonstrates that the rupture occurs in two stages. Even after the first group of nucleotides break away, the complex remains stable for ∼3 ns. As expected, flanking nucleotides B2, B3 and the cognate nucleotides A9 and B4--6, which are most proximal to the DNA end subject to the SMD force, leave the DNA binding site first. It is interesting to note that the remaining nucleotides, including flanking nucleotides A2 and A3, exhibit a collective rupture similar to brittle failure, suggesting that they all may contribute to the stability of the complex. As demonstrated in the supplement, the lack of the X-ray structures depicting equilibrium conformations of the mutant variants of DNA-*Eco*RI precludes the direct determination of the influence of the mutations on the rupture force from SMD simulations. To further investigate the rupture mechanism, a series of stopped-SMD simulations (*v*~SMD~ = 0, see [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkp317/DC1)) were carried out using as initial conditions select time points of the reference SMD simulation. Two of the restart points, at τ = 5 and 6 ns, precede the breakaway of the first group of nucleotides; another two, *τ* = 6.9 and 7.5 ns, represent the first major rupture event; the point at *τ* = 8.4 ns corresponds to the relaxation period between the two major rupture events, and the one at *τ* = 10.5 ns represents the second major breakaway of the nucleotides.

[Figure 5a](#F5){ref-type="fig"} illustrates the behavior of the SMD force in six stopped-SMD simulations that were run starting from the conformation obtained after *τ* = 5, 6, 6.9, 7.5, 8.4 and 10.5 ns of the reference SMD simulation. In all stopped-SMD runs, the SMD force initially decreases but eventually becomes constant. The value of the force in the constant force regime was found to depend on *τ*, as shown in the insert to [Figure 5a](#F5){ref-type="fig"}. The complex remains stressed for *τ* = 5 and 6 ns and, to a lesser extent, at *τ* = 6.9--8.4 ns. To understand this behavior, we plot in [Figure 5b](#F5){ref-type="fig"} the protein--DNA displacement parameter *R*. According to the plot, the simulation trajectories can be classified into three groups: small deformation (*R* \< 0.1 nm), *τ* = 5--6 ns; moderate deformation (*R* ∼ 0.5--1 nm), *τ* = 6.9--8.4 ns; and large deformation (*R* \> 2.0 nm), *τ* = 10.5 ns. The sharp difference between the three groups of trajectories suggests that the *Eco*RI--DNA complex is strained but does not break when *τ* \< *τ~1~^\*^*, partially ruptures but is able to withstand a load when *τ~1~^\*^* \< *τ* \< *τ~2~^\*^* and breaks up completely when *τ* \> *τ~2~^\*^*. The threshold values *τ~1~^\*^* and *τ~2~^\*^* for the reference SMD run lie between 6.0--6.9 and 8.4--10.5 ns, respectively. A similar behavior is expected to occur in experiment though the numerical values *τ~k~^\*^* to be observed may depend on the loading rate. Figure 5.Forces and deformations in the *Eco*RI--DNA complex during stopped (*v*~smd~ = 0) SMD simulations. (**a**) The SMD force during the reference and stopped SMD simulation. The reference (*v*~smd~ = 0.5 nm/ns) SMD simulation is indicated by filled gray circles. Each stopped SMD simulation has a fragment of the reference SMD simulation of duration *τ*, after which the SMD velocity was set to zero. The insert shows the dependence of the SMD force averaged over the last 10 ns of each simulation on *τ*. (**b**) The displacement parameter *R* for the reference and stopped SMD simulations. The insert shows a close-up of *R*(*t*) for the first 15 ns of the simulations.

To elucidate the timeline of the rupture event and the relative strength of particular DNA--protein interactions, we analyzed displacements of individual nucleotides in our stopped-SMD trajectories. By analyzing the breakup order of nucleotides under different strains, we were able to rank them in the order of increasing protein-binding strength as shown on the horizontal axis of [Figure 6](#F6){ref-type="fig"}, left to right. The detailed description of the analysis is provided in the supplement. It is natural to assume that the stronger a nucleotide is bound, the more pronounced is the effect on overall complex stability of a mutation in that nucleotide. Note that the protocols of our SMD simulations and nanopore experiments both break the symmetry of the *Eco*RI--DNA complex because the force is applied only to one DNA end. That is, the order in which the bonds break depends on which DNA end the force is applied and thus, the flanking nucleotides (for example B2 and A2) could have apparently different binding affinities. Hence, [Figure 6](#F6){ref-type="fig"} cannot be directly compared to bulk measurements or equilibrium MD simulations as those are 'directionless'. Figure 6.Timeline of rupture of individual nucleotides from *Eco*RI. The nucleotides are listed along the horizontal axis, left to right, in the sequence they break away from their docked positions. Bonds between nucleotides of DNA chains A and B forming base pairs are shown schematically. Each data line corresponds to a particular SMD simulation. Time to rupture of each nucleotide in a particular simulation is shown along the vertical axis. The absence of a data point for a particular nucleotide on a given line means that the rupture of this nucleotide was not observed within the length of the respective simulation. All simulations, except for the reference and *τ* = 10.5 ns simulations, lasted ∼40 ns.

By taking into consideration the symmetry of the *Eco*RI--DNA complex, we qualitatively ranked the equilibrium affinity of the nucleotides to the protein. Our ranking presented in the supporting information ([Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp317/DC1)) is clearly correlated with the experimental data, and thus possesses a predictive force, albeit on a qualitative level. It is noteworthy that the MD simulation suggested that the mutation in the flanking nucleotide 3 would have a noticeable effect before such evidence was obtained in an experiment.

In summary, we observe a threshold voltage for dissociation of the *Eco*RI--DNA complex through nanopores that depends sensitively on the DNA sequence at the recognition site and the flanking nucleotides. The threshold voltage for each variant of DNA scales linearly with the corresponding change in the dissociation energy. Relying on the high sequence specificity of *Eco*RI, we can easily differentiate DNA sequences that differ by only one base mutation. The thresholds were relatively invariant with pore diameters from 2.5 to 4.7 nm, and so lower tolerances in processing are required making synthetic pores suitable prospectively for large-scale integration and high throughput SNP screening.

As a signature of a rupture in the *Eco*RI--DNA complex, we use the translocation of DNA through the pore, which is measured by PCR. The number of DNA copies that permeate the pore appears to depend dramatically on the membrane voltage. Using membranes with a smaller capacitance would improve the nanopore frequency response while at the same time lower the dielectric noise improving the current signal fidelity. Thus, smaller capacitive membranes hold the promise of providing an unambiguous current signature of a translocation obviating the need for PCR, lowering the cost of SNP screening.

SUPPLEMENTARY DATA
==================

[Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkp317/DC1) are available at NAR Online.
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[^1]: *U* denotes the threshold voltage, *q*\* the effective charge, *P*~0~ is the capture rate and *A* is the qPCR baseline. The error reflects the distribution obtained from different fits to the same data. 3.4 × 4.7 ± 0.2 nm pore; 2.6 × 3.0 ± 0.2 nm pore; 2.5 ± 0.2 nm pore.
